Overfishing can affect life history traits, resulting in population collapse and oftentimes a decrease in length-at-age and maturation size in fish populations. However, little is known about the recovery mechanisms and time scales of these traits in exploited wild populations. In the study reported here, we documented long-term shifts in growth and mature size in Miyabe charr Salvelinus malma miyabei associated with a history of recreational fishing in Lake Shikaribetsu for approximately 80 years. Downsizing in the charr was observed when the charr population collapsed due to intensive recreational fishing. However, subsequent moratoriums and the introduction of fishing regulations, especially the implementation of a catchand-release policy, during the following 10-30 years facilitated the recovery of population size, length-at-age and mature fish size. This study provides important insights into the biological changes and required recovery time scales of a heavily harvested population and supports management and conservation strategies.
Introduction
Shifts in the life history traits of some fish populations, including age and size at maturity (Heino et al. 2002; Grift et al. 2003) , reproductive effort (Yoneda and Wright 2004) and growth rate (Handford et al. 1977; Thomas and Eckmann 2007) , have been reported to be caused by various human activities, such as fishing. These reproductive parameters are particularly critical for the estimation of stock reproductive capacity and subsequently for the determination of acceptable harvest levels (Tenbrink and Spencer 2013) . Thus, understanding the long-term trends in these life history traits is important for evaluating fish population dynamics and stability and for supporting effective fishery management strategies (Kendall and Quinn 2011) .
Growth is an important life history trait that is affected by a number of factors, including changes in the physical environment, life history options, competition and density, thereby integrating many dimensions of environmental influence with physiological function (Begon et al. 2006) . Fishing activity can potentially have an indirect effect on traits related to growth, for example, by decreasing the fish population to allow an increase in prey abundance (Enberg 1 3 et al. 2012) . Growth is also influenced by intrinsic factors such as growth capacity (i.e. the ability of fish to transform energy intake into body mass) and reproductive investment (i.e. the ratio of gonad mass to somatic mass) Nusslé et al. 2009 ). The reallocation of resources from growth capacity to reproductive investment is likely due to selection against fast growers Gadgil and Bossert 1970) ; thus, changes in growth can be linked to changes in these factors (Nusslé et al. 2009 ).
Both intensive size selection and density-dependent effects can potentially influence trends in both size and the maturity schedule in exploited stocks (Beverton and Holt 1957; Ricker 1981 )-however, in completely different ways. Empirical and modeling studies suggest that intensive size selection favors individuals that grow slower, mature at smaller sizes and increase their reproductive investment (Conover and Munch 2002; Enberg et al. 2009; Gadgil and Bossert 1970; Sharpe and Hendry 2009) . A recent study showed recreational angling also selects for life history traits that promote downsizing of adults in coastal marine fish (Alós et al. 2014) . In salmonid fish, Hard et al. (2008) reviewed the cases of reduction in maturation size caused by overfishing [see also exceptional case in Morita and Fukuwaka (2007) ]. In contrast, a negative relationship between fish length and population size by density-dependent effects has been documented, including for salmonid species (Jenkins et al. 1999; Kaeriyama 1998) .
Miyabe charr Salvelinus malma miyabei is an endemic subspecies of Dolly Varden S. malma with a 4-to-6-year generation time that inhabits Lake Shikaribetsu and its inlet streams in Hokkaido, Japan (Kawanabe and Mizuno 1989) . Miyabe charr is a popular recreational fishing target in Lake Shikaribetsu, and its fishing history can be divided into seven periods corresponding to changes in fishing styles and regulations (Table 1) . Historically, Miyabe charr was a target of commercial exploitation (period I, up to 1959) , but it gradually shifted to become a recreational target. As the popularity of recreational fishing surged, the population of Miyabe charr in Lake Shikaribetsu declined due to overfishing without fishing regulations (period II, 1960 (period II, -1968 , which resulted in closure of the entire fishery for 7 years (period III, 1969 (period III, -1975 . One prognosis was that if fishing had continued to be unregulated, the lake population would have completely collapsed (Shikaoi Town 1994) . Even after the first moratorium, fishing pressure was still high under regulations that allowed an estimated two-thirds or more of the charr population to be captured every year during the period 1976 -1980 (Hokkaido Fish Hatchery 1980 , resulting in population collapse (Hirata 1993) . As a result, the lake was closed again for 11 years (period V, 1981-1992) . Fishery in the lake was re-opened in 1993 under fishing regulations that included a bag-limit, but the population size remained at a low level during the period 1993 (Hokkaido Fish Hatchery 1997 , 1999 , 2000 , 2001 . However, the introduction of stricter regulations and a catch-and-release rule subsequently helped the lake population to recover (period VII, from 2005 onwards) (Yoshiyama et al. 2017) .
To date, a number of studies have documented long-term shifts in life history traits due to fishing selectivity (Olsen et al. 2004 ), but reports on the recovery of life traits following heavy exploitation are limited (Conover et al. 2009; Feiner et al. 2015; Fukuwaka and Morita 2008) . In the current study, we re-evaluated the growth and maturation size of Miyabe charr and compared the results with historical data from the last 80 years. The aim of this study was to evaluate shifts in growth and mature size of Miyabe charr over time and to investigate changes in its life history traits associated with fishing activities in Lake Shikaribetsu to support future management and conservation strategies.
Materials and methods

Study site
Lake Shikaribetsu is a small, enclosed, oligotrophic lake located in the middle of Hokkaido, Japan (43.27˚N, 143.12˚E, surface area 3.6 km 2 , maximum depth 108 m). Originally Miyabe charr was the only fish inhabiting the lake; however, various fish species have been introduced over the years, mainly in the 1950s, 1960s and 1970s (Maekawa 1977) . The most notable introductions were rainbow trout Oncorhynchus mykiss in 1929 (Shikaoi Town 1994) , Japanese smelt Hypomesus nipponensis in 1966 (Shikaoi Town 1994) and masu salmon Oncorhynchus masou (first observation in 1981; Hokkaido Fish Hatchery 1982) . These introductions are thought to have had major ecological impacts on the Miyabe charr (Maekawa 1977; Shikaoi Town 1994; Yoshiyama et al. 2017) .
Recreational fishing is currently managed by the 'Great Fishing in Lake Shikaribetsu' program under the auspices of the Hokkaido Tourism Union, a non-profit organization. Detailed fishing regulations have been summarized by Yoshiyama et al. (2017) and are also available on the website http://www.shika ribet su.com/c/en/.
Description of previously published data
Both the growth and maturation size of Miyabe charr have been documented over the years (Tables 2, 3) . Previous studies by Kubo (1967) and Maekawa (1978) analyzed growth using mixed-sex mean length-at-age. For our study, the pooled-sex age/length composition data were obtained from the Hokkaido Fish Hatchery (1995, 1996, 1997, 1998, 1999, 2000, 2001, 2002, 2003) , which enabled us to evaluate growth during the period 1993-2001. In terms of maturation size, data on the length of mature fish were available from the references listed in Table 3 . Given the complicated life history of Miyabe charr (Yoshiyama et al. 2017 ), we only used data for lake-run charr captured from inlet streams to compare the size of mature charr over time. When maturity data were unavailable, we assumed that all spawning, spawning-migrated lake-run charr captured in the inlet streams were mature (i.e. Hokkaido Fish Hatchery 1978 Hatchery , 1994 Inukai and Sato 1943) .
Sampling
Miyabe charr were sampled in both Lake Shikaribetsu and in an inlet stream, the Yambetsu River (Fig. 1) . Samples from the lake (n = 89) were collected by angling in July and September 2015, and samples from the river (n = 19) were sampled by a casting net (mesh size 16 mm) in September 2015, with special permission from the Hokkaido government. All fish were frozen immediately upon capture and brought back to the laboratory where the sex, fork length (FL, mm) and total length (TL, mm) were measured. The paired sagittal otoliths were removed, cleaned with water and stored dry in plastic cases. (1996, 1997, 1998, 1999, 2000, 2001, 2002, 2003) g Yoshiyama et al. (2017) h T. Yoshiyama, unpublished data 2015 i Hokkaido Fish Hatchery (1997 , 1999 , 2000 , 2001 Period Year Event 
Age determination
In previous studies, age was determined using otoliths or scales (Table 2) . In our study, we used otoliths to determine age based their usage in determining the age in ≥ 6+ Dolly Varden individuals (Stolarski and Sutton 2013) . To achieve consistency in otolith analysis, we sanded the longitudinal side of each otolith with waterproof 1000-grade sandpaper until it was approximately 400 μm thickness, without mounting, similar to the process described by Maekawa (1978) with a whetstone (K. Maekawa, personal communication 2015) . The otoliths were observed under a binocular microscope at 40× magnification with transmitted or reflected light (Fig. 2) , and the number of opaque bands was counted on photographs taken with a MacromaX camera (GOKO International Co., Ltd.; Kanagawa, Japan) attached to the microscope. Fig. 1 Sampling locations. Miyabe charr (Salvelinus malma miyabei) were sampled from Lake Shikaribetsu and its inlet stream, Yambetsu River (map revised from Maekawa 1978) To remove potential bias, three readers independently counted the bands; these readers were unaware of each other's counts and fish size. The counts were then compared and accepted if at least two readers had the same count. In cases where the counts differed, a consensus count based on discussion was accepted or, when consensus could not be reached, the count was excluded from the analysis. Ages were ultimately determined based on the number of opaque bands and the capture date assuming the birth date to be 1 January.
Growth curve estimations and growth comparisons with previously published data
For our 2015 data, von Bertalanffy growth curves (Eq. 1) were fitted to the sex-stratified age/length data set using the R package FSA (Ogle 2017) , and differences in growth curve parameters between sexes were tested by the F test.
where L ∞ , k and t 0 are the parameters of the von Bertalanffy growth curve.
Growth comparisons with previously published data were made using mixed-sex data. We combined the pooled-sex age/length composition data from Hokkaido Fish Hatchery (1995, 1996, 1997, 1998, 1999, 2000, 2001, 2002, 2003) , and estimated von Bertalanffy growth curve for the 1993-2001 period using a total of 3219 specimens (Table 2) . For 2015 samples, another von Bertalanffy growth curve was estimated using the pooled-sex data set for comparisons. These growth curves were compared with the previously published mean length-at-age data for the 1959 -1966 (Kubo 1967 ) and 1970 -1974 periods (Maekawa 1978 . It should be noted that fish length in Kubo (1967) was calibrated to FL using the following linear regression equation (Eq. 2) obtained from our data 
Mature charr size comparisons with previously published data
For 2015 data, both sex-specific and pooled-sex mean FL were calculated using river samples. To compare average pooled-sex mature charr size over time, we used the Tukey-Kramer Honestly Significant Difference (HSD) test implemented in R among pairs of the following years (p < 0.05) : 1930, 1960-1961, 1970-1974, 1983 and 2015 (refer to Table 3 ). It should be noted that only these data sets were available for the statistical comparisons.
Results
Ages were identified for 102 specimens of the 108 fish collected in 2015. The estimated von Bertalanffy growth curves are illustrated in Fig. 3 and its parameters in male and female fish were following; These von Bertalanffy growth curves and previously published mean length-at-age data are shown together in Fig. 4 , revealing that the length-at-age in the 1970-1974 period (period III) clearly plateaued at a smaller size in comparison with other years (Table 4) . It should be noted that downsizing of the Miyabe charr population in period III was not affected by ongoing fishing activities because fishing was already closed due to the overfishing in period II (Table 1) . The length-at-age increased in the 1993-2001 period (period VI) when major fishing regulations were introduced after the second lake closure. At the present time, stricter regulations are applied, and the Miyabe charr population has recovered (Table 1) range 264-351) mm in female fish (n = 10). The shift in the mean and range of mature charr size is shown in Fig. 5 , indicating that mature fish size increased in 1992 (period V) and 2015 (period VII) after pressure from lake fishing decreased (Table 1) . The pooled-sex average mature fish size was 304 mm (n = 19) in 2015 (period VII), which was significantly larger than that of any other years analyzed (range 215-242 mm in the other 4 years; all p < 0.001). 
and its average size, respectively. It should be noted that fish size was standardized to FL and outliers were excluded. Bars with different lowercase letters indicate statistically significant differences in mean mature fish size between years (p < 0.05, Tukey-Kramer HSD test). The horizontal bars below the year represent the periods related to the fishing history in Lake Shikaribetsu, while the black bars indicate periods of high fishing pressure (refer to 
Discussion
We have documented shifts in life history traits in Miyabe charr that are linked to the fishing history in Lake Shikaribetsu over the past 80 years. Specifically, we found that length-at-age and mature charr size increased after fishing pressure was greatly reduced (Table 1; Figs. 4, 5) . With the surge in recreational fishing popularity in the early 1960s, cycles of overfishing followed by the introduction of a subsequent moratorium occurred without the implementation of proper regulations and fishing management programs during the 1960-1992 period (periods II-V), which led to population collapse (Hirata 1993) . In 1993, the lake was re-opened under new fishing regulations designed to reduce fishing pressure (period VI), which has resulted in improved growth compared to that observed in the 1970-1974 period (period III). The introduction of stricter fishing regulations in 2005 (period VII), including the catch-and-release of all charr, has contributed to a three-to sevenfold increase in the charr population size compared to period VI (T. Yoshiyama, unpublished data 2015; Yoshiyama et al. 2017 ). However, observed growth remained unchanged between periods VI and VII when fishing pressures were controlled at a lower level; mortality due to recreational fishing was estimated to be < 0.1% of the lake population (Yoshiyama et al. 2017) . Average mature fish size became significantly larger in period VII compared to other periods (Fig. 5) , possibly due to a reduction in fishing mortality attributed to the changes in fishing regulations in period VII, especially the implementation of the catch-and-release policy. Although short-term closures of the lake did occur during the past 80 years, fishing mortality was high overall by the beginning of the 1980s. In addition, it is a known fact that the larger individuals of a fish population are likely be caught by angling (Tsuboi and Morita 2004) , and indeed larger and older charr were selectively captured by recreational fishing in Lake Shikaribetsu (i.e. the mean length was 290 mm for recreational fishing catch in 2001) (Hokkaido Fish Hatchery 2000 , 2003 , which could have induced the observed shift in mature fish size. These data taken together suggest that Miyabe charr would grow slower and mature at a smaller size due to intensive fishing selectivity during periods II and IV and that these life history traits would recover with a reduction of fishing pressure. The time scale of population growth and recovery of other life history traits after overfishing provides key information for implementing management and conservation strategies. However, little data are currently available. Our results suggest that altered life history traits due to recreational overfishing, namely growth and mature fish size, gradually recovered in the 10-30 years following the introduction of measures that reduced fishing pressure (Figs. 4, 5) . Although the detailed mechanism and potential causes are unknown, lake moratoriums and the introduction of proper fishing regulations could potentially help to reverse these traits. As a general rule, the recovery of these traits from fisheryinduced changes is thought to be very slow after the fishing pressure has been reduced (Pinsky and Palumbi 2014) . This notion is supported by multiple modelling studies which show that maturation schedule recovery can take centuries with evolutionary changes Enberg et al. 2009; Kuparinen and Hutchings 2012) . In contrast, rapid recovery in fish size after fishery closure has recently been reported, for example within 12 generations in silverside fish Menidia menidia (Conover et al. 2009 ) and within approximately 10-20 years in yellow perch Perca flavescens (Feiner et al. 2015) . Our case study thus provides important insights into the changes and time scale of the recovery of life history traits from heavy exploitation. It is noteworthy that few studies have focused on shifts in these traits in freshwater fish species under heavy fishing pressure and that data from recreational fisheries are much more scarce than from data from commercial fisheries (Kendall and Quinn 2011) .
The shifts in growth and maturation size described here are highly likely to be attributable to fishing pressure and fishing selectivity rather than to shifts in the environmental effects, such as prey densities, productivity or temperature. In terms of prey abundance, we expected that fish transplantations would induce negative effects on the growth and/or maturation size of the Miyabe charr during the growth recovery periods; however, we observed the opposite effect (Figs. 4, 5) . Recently introduced species, such as rainbow trout, Japanese smelt and masu salmon, are thought to have large ecological impacts on the prey of Miyabe charr (Maekawa 1978; Shikaoi Town 1994; Yoshiyama et al. 2017) . Miyabe charr mainly feed on plankton in addition to aquatic and terrestrial insects and small fish (Hokkaido Fish Hatchery 1982 , 1983 , 1985 Maekawa 1977) , and they potentially compete for common prey with the introduced fishes (Hokkaido Fish Hatchery 1974; H. Kobayashi www.noast ec.jp/kinou index /data2 003/pdf/01/01_30.pdf; accessed 24 September 2017). In terms of lake productivity and temperature, it is difficult to evaluate these effects due to a lack of quantitative monitoring data. However, the fragmentary records that are available indicate that the introduction of fishes might not seriously affect the growth and mature fish size of Miyabe charr, or even have a negative influence. First, the flow of untreated domestic sewage into the lake was stopped in the 1990s, possibly resulting in a decrease in nutrient supply, which could subsequently lead to a decrease in plankton. Secondly, the lake surface temperature has seemingly not changed greatly over time (Hokkaido Fishery Experiment Station 1933; Hokkaido Fish Hatchery 1996; Kubo 1967) . Therefore, it is plausible to claim that the effects of fishing pressure and selectivity outweigh that of the environmental changes in regard to our observed downsizing and reduction in maturation size of the charr. Other factors, such as differences in sampling gears and time, may influence the shifts in life history traits in addition to recreational fishing pressure, fishing selectivity and the lake environment (Wang et al. 2009 ). However, it is difficult to evaluate these effects due to a lack of or inconsistency in the historical data (Tables 2, 3 ). The estimated current lake population level was below the carrying capacity based on the population and growth data over time with density-dependent effects. First, the estimated population size in previous years was larger than the current population size; for example, the population size in 1979 was 95% larger than that in 2015 (Table 1) (Hokkaido Fish Hatchery 1980; T. Yoshiyama, unpublished data 2015) . Secondly, the growth in the 1993-2001 period (periods VI) and in 2015 (period VII) did not change greatly (Fig. 4) , even though the estimated population size in period VI was approximately three-to eightfold larger than that in period VII (Table 1) (Hokkaido Fish Hatchery 1997 , 1999 , 2000 , 2001 T. Yoshiyama, unpublished data 2015; Yoshiyama et al. 2017) . Recently introduced regulations, including the catch-and-release policy, should have an important impact on the recovery of the Miyabe charr population, contributing to the conservation of this endemic species (Yoshiyama et al. 2017) .
In summary, the results of our study document the shifts in life history traits over time in Miyabe charr that correspond with shifts in recreational fishing activities. Based on a 4-to-6-year generation time for this species, our results suggest that altered life history traits due to overfishing could potentially be reversed within 10-30 years after the fishing pressure has been reduced. Appropriate fishing regulations, such as regulating the fishing effort and/or implementation of the catch-and-release policy, can contribute to the conservation of both population size and the life history traits of wild fish populations. Long-term records of these traits provide key information for the management and conservation of fish populations and facilitate evaluation of current population state or dynamics. Our study thus provides an important insight into the biological changes caused by overfishing and the time scales required to reverse them in a wild fish population.
